Background. With prolonged replication, attenuated polioviruses used in oral polio vaccine (OPV) can mutate into vaccine-derived poliovirus (VDPV) and cause poliomyelitis outbreaks. Individuals with primary humoral immunodeficiencies can become chronically infected with vaccine poliovirus, allowing it to mutate into immunodeficiency-associated VDPV (iVDPV). It is unclear if children perinatally infected with the human immunodeficiency virus (HIV), who have humoral as well as cellular immunodeficiencies, might be sources of iVDPV.
Wild poliovirus is nearing global eradication. Since 1988, when the World Health Organization proposed a plan to eradicate poliomyelitis, annual global cases have dropped from 350 000 to 650 in 2011 [1] . The last case of naturally acquired wild poliovirus type 2 was reported in 1999, and only 3 countries remain endemic with uninterrupted transmission [2] . The primary approach for global eradication has been administration of oral polio vaccine (OPV), an inexpensive live attenuated vaccine that is easy to administer and promotes community immunity through transmission from vaccinated children to community contacts. However, although OPV effectively prevents poliomyelitis, its continued use inevitably leads to emergence of vaccine-derived polioviruses (VDPVs), which may jeopardize the success of the eradication campaign.
VDPVs, whose sequences differ by 1%-15% from parent OPV strains (0.6%-15% for serotype 2), develop with prolonged viral replication of typically >1 year [3, 4] . In normal circumstances, children vaccinated with OPV and their infected close contacts shed virus for several weeks. However, people with primary humoral immunodeficiencies can shed virus for prolonged periods, in one case for >20 years, allowing the formation of immunodeficiency-associated VDPV (iVDPV) [5] .
To date, 65 people with primary immunodeficiencies shedding iVDPV have been identified [4] . Furthermore, in communities with incomplete vaccine coverage, OPV-derived strains can spread person to person and circulate for years, allowing the virus to mutate into circulating VDPV (cVDPV). Twenty-one independent cVDPV outbreaks have been identified [6, 7] , with an attack rate and disease severity similar to wild poliovirus infections [8] .
One question yet to be fully explored is whether children perinatally infected with human immunodeficiency virus (HIV) might be sources of iVDPV. HIV infection during the perinatal period is associated with humoral as well as cellular immunodeficiencies [9] . Children perinatally infected with HIV often have a polyclonal hypergammaglobulinemia paradoxically associated with diminished antibody responses to specific antigens [10] [11] [12] . As approximately 90% of the 2 million children with HIV live in Africa [13] , where OPV is predominantly used for polio vaccination regardless of HIV status, prolonged poliovirus shedding by HIV-infected children could impair the polio eradication effort.
Although there are several studies in the literature exploring whether HIV-infected children shed vaccine poliovirus for prolonged periods after OPV administration, they do not adequately answer the question of whether HIV-infected children might be sources of iVDPV. Two prospective studies did not show vaccine poliovirus shedding beyond 6 months, but they were small, and 1 had very low retention rates [14, 15] . Of 2 cross-sectional studies, 1 detected no poliovirus in stool samples from 94 HIV-infected Guatemalan children 6 months to ≥10 years after their last OPV dose, but the other did detect VDPV in the stools of hospitalized HIV-infected South African children [16] [17] [18] . However, as a cross-sectional study, it is unclear whether these isolates were cVDPV acquired in the community or iVDPV from chronic infection in the individual children.
To better examine whether children perinatally infected with HIV can be a source of iVDPV and to further evaluate the humoral and mucosal immune response to OPV in HIVinfected children, we conducted a prospective study evaluating stool shedding of vaccine strains and polio seroconversion in HIV-infected and -uninfected Zimbabwean children who received OPV according to the national immunization schedule.
METHODS

Study Design and Population
This was a prospective, longitudinal, observational study in Chitungwiza, the third-largest urban center in Zimbabwe, a southern African country with a population of approximately 11 million and HIV prevalence of 14.3% during the study period [19] . OPV is given to children regardless of HIV status at 3, 4, 5, and 18 months of age per the Zimbabwean vaccination schedule. During the study period, supplementary vaccination campaigns providing additional OPV doses were held [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Enrollment occurred between September 2008 and December 2010 at 2 community clinics in Chitungwiza. Initial inclusion criteria included age between 2 and 4 months, a birth mother with known HIV status, and plans to receive OPV according to the national schedule. Due to lower-than-expected enrollment of HIV-infected children, enrollment was expanded (1) in October of 2009 to HIV-infected children aged ≤18 months (late enrollers) and (2) in April 2010 to the Epworth clinic in Harare (located 10 miles from Chitungwiza and serving the same ethnic group). Severely ill children were excluded.
After written informed consent was obtained from the parents, participation included 9 study visits at 3, 4, 5, 6, 9, 12, 18, 19, and 24 months of age. At each visit, the child's stool was collected, and a questionnaire detailing the child's health, vaccination history, and demographics was completed. At 5 of the study visits (enrollment and 5, 9, 18, and 24 months), blood was collected for HIV testing, T-cell subsets, and polio-neutralizing antibodies. Blood was drawn from late enrollers at enrollment, and further visits were conducted according to the initial protocol. Follow-up visits ended in June 2011. Mothers of children found to be infected with HIV were counseled and referred to an HIV clinic to start their child on antiretroviral therapy (ART).
Infants were included in the current study if (1) their HIV status was confirmed, (2) their OPV history could be verified, and (3) they had available stool. For the stool-shedding analysis, all of the stool samples from HIV-infected subjects were processed. Stool samples from HIV-uninfected control subjects, matched by age in months at sample collection, were randomly selected for processing at a ratio of approximately 2:1 control to HIV-infected samples.
Sample Processing
Blood was collected in a purple-top ethylenediaminetetraacetic acid-containing Vacutainer tube and a red-top Vacutainer tube and transported on ice to a laboratory in Harare. The red-top tubes were centrifuged, and the sera were transferred to cryovials (for polio-neutralizing antibody assays) and stored at −70°C until shipment on dry ice to the Maldonado laboratory at Stanford.
Complete Blood Count and T-Cell Subsets
Whole blood was analyzed within several hours of collection using a Sysmex KX-21N Automated Hematology Analyzer for the complete blood count and a Partec Cyflow Counter for lymphocyte subsets.
Determination of Child's HIV-1 Infection Status
HIV status was determined from whole blood by HIV polymerase chain reaction using an Amplicor HIV DNA Test Version 1.5 kit and a GeneAmp 9700 thermal cycler. At 18 months of age, HIV enzyme-linked immunosorbent assay tests were performed to confirm HIV status.
We defined confirmation of HIV status as ≥2 positive HIV tests with ≥1 done as part of the study, or ≥1 positive HIV test done as part of the study and clinical picture strongly suggestive of HIV infection.
Polio-Neutralizing Antibodies Assay
Three-and 9-month serum was shipped on dry ice to Dr Konstantin Chumakov's laboratory at the United States Food and Drug Administration for polio-neutralizing antibody assays according to the World Health Organization method [21] . A titer of ≥1:8 at the 9-month time point was considered positive for seroconversion.
For the analysis linking stool samples to seroconversion status), we assumed fixed seroconversion status from 1 week after administration of an OPV dose to 1 week after administration of the next dose, based on data that serum-neutralizing antibodies develop about 1 week after an OPV dose [22] .
Stool Assays
At Stanford, stool underwent RNA extraction, reverse transcription, and real-time polymerase chain reaction to look for vaccine poliovirus serotypes 1, 2, and 3 and their revertant forms according to previously published methods with the following exceptions [23] . A Biorad CFX384 Real-Time System was used, and a single threshold, set at 400 RFU, was used for detecting fluorescence.
Statistical Analysis
Variables considered while estimating the proportions shedding vaccine poliovirus serotypes 1-3 included number of previous OPV doses administered, time from last OPV dose, HIV status, ART administration, poliovirus seroconversion, and CD4%.
HIV-infected children were considered to be on ART if they started ART at least 30 days before sample collection. One child who was on ART at enrollment without a start date listed was assumed to have been on ART for at least 1 month.
Severe immunosuppression was defined, per the World Health Organization, as CD4% <25 in children aged ≤11 months and CD4% <20 in children aged 12-35 months [24] .
The average of the available CD4% for a child, with/without ART, was used in comparing pre-ART or post-ART HIVinfected children with HIV-uninfected children.
Categorical data were compared using a 2-tailed Fisher exact test. Continuous data were compared using a 2-tailed t test. Correlations were estimated with Pearson coefficients. Logistic regression with backwards elimination (stay criteria P < .05) was used for assessing the association of multiple explanatory variables with shedding. A P value ≤ .05 was considered statistically significant. The analysis was done with SAS 9.3.
RESULTS
Four hundred two of the 421 children originally enrolled were included in this study: 92 (23%) HIV-infected children and 310 (77%) HIV-uninfected children (excluded: 11 whose HIV status could not be confirmed, 5 missing OPV records, and 3 without stool samples). The demographics of the children in the study are shown in Table 1 . The majority of HIV-infected children were severely immunosuppressed by World Health Organization criteria (75% [65 of 87] of HIV-infected children vs 42% [129 of 307] of uninfected children; P < .0001). HIVinfected children on and off ART had significantly lower mean CD4% than the uninfected children (20% for HIV-infected children not on ART vs 26% for HIV-infected children on ART vs 31% for uninfected children; P values < .01 for all comparisons).
Altogether 825 stool samples were analyzed for poliovirus shedding: all 285 stool samples from 92 HIV-infected subjects and 540 age-matched samples from 251 HIV-uninfected subjects. Poliovirus was detected in 54 (19%) samples from HIVinfected subjects and 87 (16%) samples from uninfected subjects. Serotype 2 was detected in 87 samples (11%), serotype 1 in 56 samples (7%), and serotype 3 in 56 samples (7%). In samples containing poliovirus, 99 (70%) contained only 1 serotype, 26 (18%) contained 2 serotypes, and 16 (11%) contained 3 serotypes. Poliovirus shedding within 42 days after OPV vaccination was higher than shedding either >42 days after or before any OPV (31% vs 7% vs 9% respectively; P ≤ .0001). There was no evidence of correlations between shedding at one visit and shedding at another visit in individual subjects.
Although poliovirus shedding in samples collected after 0-2 OPV doses was not associated with HIV status, shedding was significantly higher in HIV-infected subjects after receipt of ≥3 OPV doses (16% Figure 1 ). Shedding from >42 days after an OPV dose was higher in HIV-infected subjects, but the difference was not statistically significant. After controlling for HIV infection, CD4%, the enrolling clinic, and the demographic/social status of the children were not associated with poliovirus shedding after controlling for HIV infection. In addition, among HIV-infected children, being on ART was not associated with poliovirus shedding.
There was no evidence from our data that HIV-infected children were more likely to have prolonged (≥6 months) poliovirus shedding. Overall shedding >180 days from the last OPV dose was 6% (14 of 230) with small and not statistically significant differences between HIV-infected and HIV-uninfected children (7% [6 of 90] HIV-infected; 6% [8 of 140] uninfected).
Furthermore, the 4 (3 HIV-infected) of 14 late shedders who had another sample taken either before or after the positive sample without an intervening OPV dose did not have detectable poliovirus in the other sample.
Samples collected within 42 days of vaccination and containing detectable poliovirus were more likely to contain all 3 serotypes if they were from HIV-infected versus HIV-uninfected subjects (26% [10 of 39] vs 9% [6 of 68]; P = .03). This difference was most pronounced in subjects who had received ≥3 doses of OPV (30% [6 of 19] vs 0% [0/27]; P = .003; Table 2 ). Shedding >1 serotype decreased with successive OPV doses among HIVuninfected subjects but not among HIV-infected subjects.
Among 35 HIV-infected subjects and 222 HIV-uninfected subjects who had received at least 3 prior doses of OPV, seroconversion was significantly lower in the HIV-infected subjects, as was geometric mean titer among the seroconverters (Table 3) . Among the 61 analyzed stool samples collected within 42 days of OPV vaccination that could be linked to poliovirus seroconversion status, poliovirus shedding was significantly increased among HIV-infected children even after controlling for seroconversion, and seroconversion was not associated with a change in poliovirus shedding (Table 4) .
DISCUSSION
This prospective study evaluated vaccine poliovirus shedding in stool and polio seroconversion in HIV-infected and -uninfected Zimbabwean children who received OPV according to the national immunization schedule. We found that although poliovirus shedding after 1 or 2 OPV doses was not associated with the children's HIV status, poliovirus shedding and shedding of multiple serotypes were significantly higher in the HIV-infected versus -uninfected children who had received ≥3 OPV doses. This reflects a decrease in shedding among uninfected children after 3 OPV doses that was not seen in the HIV-infected children ( Figure 1 ). As decreased poliovirus shedding is considered a marker for the development of mucosal intestinal immunity [25] , this suggests that although uninfected children developed intestinal mucosal immunity after 3 OPV doses, HIV-infected children often did not. The HIV-infected children also had significantly lower poliovirus seroconversion rates after receipt of equivalent doses of OPV, confirming our previous observations [12] . Poliovirus seroconversion among HIV-infected children was not associated with a decrease in poliovirus shedding, although the sample size for this particular analysis was small. This suggests that perinatal HIV infection is independently associated with both a defective humoral immune response and a defective intestinal mucosal immune response to vaccination with OPV.
Although poliovirus shedding rates were higher among the HIV-infected children after ≥3 OPV doses, we did not see significantly higher rates of prolonged shedding in the HIV-infected children. Poliovirus shedding >6 months after an OPV dose Normal enrollment was defined as enrollment between 2 and 4 months of age.
Abbreviations: ART, antiretroviral therapy; HIV, human immunodeficiency virus; IQR, interquartile range; NA, not applicable.
was often not preceded by earlier shedding, suggesting that the positive sample represented reinfection with vaccine poliovirus from the community rather than prolonged shedding. Based on the results of our study, it seems unlikely that children perinatally infected with HIV could be sources of iVDPV. However, these children's increased short-term shedding could increase the likelihood that cVDPV might develop in their communities.
There are 2 small prospective studies and 4 cross-sectional studies in the literature that have investigated whether HIVinfected individuals excrete vaccine poliovirus in their stools for prolonged periods of time. One study from Kenya examined 255 stool specimens from 15 HIV-infected and 9 HIV-uninfected children collected over 12 months and found no evidence of poliovirus shedding for ≥6 months in either group [15] . However, serotype 1 vaccine poliovirus was detected in 3 serial samples from 1 child with moderately symptomatic AIDS up to 87 days after OPV administration, and the VP1 region of the viral genome acquired 0.99% nucleotide substitution by the final positive sample. A prospective study in the Central African Republic enrolled 16 HIV-infected and 37 HIV-uninfected children who were receiving 3 doses of OPV during national immunization days, but low retention rates resulted in samples from only 12 HIV-infected and 32 HIV-uninfected children 1 month after the last OPV dose, down to 1 HIV-infected and 1 HIV-uninfected child 6 months after the last OPV dose [14] . Vaccine poliovirus was detected in 5.6% versus 2.1% of the samples from HIV-infected versus -uninfected children, but no poliovirus shedding was seen beyond 4 weeks. In 2 studies, the stools of 28 and 419 HIV-infected adults who were living with or nearby to children immunized with OPV during national immunization days in the Central African Republic and Cote d'Ivoire were found to contain no detectable poliovirus [26, 27] . A cross-sectional study in Guatemala examined the stools of 94 HIV-infected children (median age, 3.6 years) who had not received OPV for at least 6 months along with 101 HIV-infected adults and also found no detectable poliovirus [16] . In contrast, a cross-sectional study in South Africa examined 164 stool samples from hospitalized HIV-infected children and found 13 containing OPV-derived strains, 5 from children who had not received OPV for >6 months [17, 18] . However, when these polioviruses were sequenced, only 2 of the 5 viruses showed the degree of divergence expected had these children been excreting the virus continuously since their last vaccination. Additionally, 1 child who had last received OPV 16 months before shed a serotype 1 virus genetically identical to the serotype 1 virus shed by another HIV-infected child who had been hospitalized with chronic diarrhea 3 months before, suggesting that these children may have acquired these polioviruses from person-toperson contact, possibly while hospitalized.
Our study has several limitations. Thanks to successful prevention programs and increased ART accessibility, HIV prevalence in Zimbabwe decreased between study planning and execution from 20% to 14%, and mother-to-child transmission fell to 4%. Consequently, enrollment of sufficient HIV-infected children necessitated a protocol change that opened enrollment in another clinic and to older HIV-infected children who were not enrolled at the younger ages immediately after routine OPV immunization. However, the variations of home environment introduced by the added clinic were not associated with increased shedding, and late enrollment of HIV-infected children had no impact on their vaccination program, which followed the regular Zimbabwean schedule. The planned study period was shortened by a delay of the start time caused by a cholera outbreak at the study site, causing the study to close before some subjects completed their later follow-up visits. The high mobility of Zimbabwean families, caused by the unstable Zimbabwean economic situation during the study period, resulted in a high proportion of enrolled children who did not complete the study and/or missed intervening visits. As a result of these factors, only approximately 30% of subjects completed all 9 study visits. However, overall 80% of all expected study visits were completed. It is important to note that our conclusions are based on analyses done separately at each visit, therefore the missing study visits do not reduce the significance of our findings.
Despite these limitations, we demonstrate that perinatal HIV infection is associated with reduced mucosal and humoral immunity against polio in children with complete OPV vaccination. The decreased mucosal immunity could conceivably lead to more circulation of vaccine-derived strains and increase the likelihood of development of cVDPV in communities with a high HIV prevalence. However, in the largest study to date, we demonstrated no evidence that children perinatally infected with HIV shed poliovirus for the prolonged time periods required to form iVDPV.
In conclusion, although the decreased mucosal and humoral immune responses to OPV of HIV-infected children could contribute to increased circulation of polioviruses in their communities, these children are unlikely to be a source of iVDPV. This finding suggests that HIV infection would not be an impediment to the use of the Salk inactivated polio vaccine (IPV) in the final stage of the global effort to eradicate polio and that Data were from the 9-month serum sample.
Abbreviations: GMT , geometric mean titer; HIV, human immunodeficiency virus. IPV use among HIV-infected children should be pursued to eradicate circulating wild and vaccine-derived polioviruses. Studies to determine the immunogenicity of IPV as the routine polio immunization regimen should be investigated among immunocompromised populations such as HIV-infected children living in developing settings. This approach could further support the feasibility of global use of IPV for several years after wild poliovirus eradication and global cessation of OPV to maintain high levels of population immunity until attenuated and vaccine-derived polioviruses cease to circulate.
Notes
